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Heterodyne Measurements of Submillimeter Laser 
Spectrometer Frequencies 

H. E. RADFORD, F. R. PETERSON, D. A. JENNINGS, 
AND J .  A. MUCHA 

Abmmt-The frequencies of 46 CW laser Lines commonly used for 
submillimeter spectroscopy, with wavelengths between 0.1 and 0.7 mm, 
have been measured by heterodyne methods. AU the lines are optically 
pumped by a C02 Laser, with threshold pump powers of 3 W or less. 
The precision of measurement, limited by the laser linewidth, is 
typically _+ 1 part per million. 

Optically pumped submillimeter lasers are finding increasing 
use as sources of radiation for magnetic resonance spectros- 
copy, a technique in which a variable magnetic field is used to  
shift molecular spectral lines into coincidence with fixed- 
frequency laser lines. Since the submillimeter laser frequencies 
are generally self-stable and resettable to within a fraction of a 
megahertz, knowledge of laser frequencies a t  this level of 

precision is useful in the planning and analysis of magnetic 
resonance measurements. To  reach this precision in line 
frequency measurements, heterodyne detection with a sta- 
bilized local oscillator is necessary. We have made such 
measurements on 46 laser lines in  the wavelength range 0.1- 
0.7 mm, optically pumped by a CW C 0 2  laser. Added t o  
previous measurements of water vapor and methanol line 
frequencies [ 1 ] , these measurements provide an essentially 
complete compilation of line frequencies for laser magnetic 
resonance spectrometers currently in use. 

The oscillating frequencies of laboratory lasers of the wave- 
guide type were measured by one of two different heterodyne 
methods, according to wavelength. For wavelengths longer 
than 0.2 mm the laser output  was focused on  a Shottky diode, 
where it was mixed with harmonics of a phase-locked milli- 
meter-wave klystron. For  wavelengths shorter than 0.2 m m  
the laser output  was focused on a tungsten-nickel point- 
contact diode, and mixed with standard submillimeter fre- 
quencies generated from two absorptionstabilized C02 lasers 
[ 11. The long-wave methanol laser lines have been measured 

TABLE I 
LASER LINES MEASURED WlTH SUBMILLIMETER-WAVE REFERENCE FREQUENCY 

1 2  16 
0 2  T h r  es h o  1 d T h r  e s  ho  I d  

P r e s s u r e  Pump b Synthesis 
P o l a r - a  Laser L i n e  Measured F r e q u e n c y  (MHz) “2 pump 

(mT) b Power  (w) Combination 
( U n c e r t a i n t y :  ? 0 . 5  MHz) L ine  (pm) i z a t i o n  

CH30H _ -  
7 0 . 5  4251668 .5  P ( 3 4 ) ,  9 . 7  .L < 2 0  
9 6 . 5  3 1 0 5 9 3 6 . 8  R ( 1 0 ) ,  9 . 3  I 1  100 3 

1 1 8 . 8  2 5 2 2 7 8 1 . 0  P ( 3 6 ) ,  9 . 7  I 3 0  <<  1 

1 6 3 . 0  1 8 3 8 8 3 9 . 3  R ( 3 8 ) ,  10.1 1 1  3 5  < 1  
1 7 0 . 6  1 7 5 7 5 2 6 . 3  P ( 3 6 ) ,  9 . 7  I 1  3 0  <<  1 
2 3 2 . 9  1 2 8 6 9 9 9 . 5  R ( 1 0 ) ,  9 . 3  / I  85 < 1  
2 5 1 . 1  119372  7 . 3  R ( 3 8 )  . l o .  1 L 3 5  < 1  
392 .1 7 6 4 6 4 2 . 6  P ( 3 6 ) ,  9 . 7  I 2 5  3 
4 6 9  .O 6 3 9 1 8 4 . 6  R [ 3 8 ) ,  10.1 .L 7 5  1 . 5  
570 .6  52542 7 .5  P ( 1 6 ) ,  9 . 5  I I  6 0  2 . 5  
6 9 9 . 4  4 2 8 6 2 8 . 5  P ( 3 4 ) ,  9 . 7  I 

103.1 2907088 .9  P ( 3 0 ) .  9 . 6  L 5 0  < <  1 
1 1 7 . 2  2557365 .4  P ( 2 6 ) ,  9 . 6  11 7 0  1 . 5  

CH O D  -3- 

CH NH -3-2 
1 4 7 . 8  2 0 2 7 7 5 2 . 6  P ( 2 4 ) ,  9 . 6  I 

N H  -2 -4 
1 8 1 . 9  1 6 4 7 8 7 7 . 4  P ( 6 ) , 1 0 . 5  I (  

6 0  2 

6 0  < 1 

:Polarization of submillimeter laser output with respect to linearly polarized pumping radiation. 

‘The subscripts I and I1 mean 10.5-pm band and 95-wm band, respectively. 
dA low-threshold line, but not yet operated successfully in a laser resonance spectrometer. 

For a Fabry-Perot cavity, axially pumped through a central hole in one mirror. 

by both methods, and agreement is found within t0.5 MHz, 
the estimated resetting error. Beat frequencies between the 
u n ~ o w n  laser frequency and the standard frequencies were 
amplified and measured with a spectrum analyzer or  frequency 
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NOTES AND LINES 

TABLE I1 
LASER  LINE^ MEASURED WITH MILLIMETER-WAVE REFERENCE FREQUENCY 

Laser F r e q u e n c y  C02 Pump Polar- a T h r e s h o l d  T h r e s h o l d  

1 (um) WHz) (mT) Power (w) 
L i n e  M e a s u r e d  F r e q u e n c y  (MHz) U n c e r t a i n t y  Line ization Pres su re , ,  Pump 

E 
3 0 2 . 3  
393 .6  

405 .6  
4 1 8 . 6  
4 3 2 . 6  
4 5 8 . 5  
513 .0  
6 6 9 . 5  

%?% 
1 9 2 . 9  
233 .9  
2 6 4 . 8  
3 0 1 . 3  
3 1 1 . 1  
331 .7  
4 3 5 . 8  
4 6 1 . 1  
527 .9  

CH F -3- 

4 9 6 . 1  

CH I -3- 

4 4 7 . 1  

CH NH -3-2 
3 1 4 . 8  

CH CN -3- 
4 5 3 . 4  
4 9 4 . 6  

CH CH F -3-2- 
4 0 5 . 5  
5 0 2 . 3  
5 1 9 . 1  
5 9 3 . 5  

CH C H C l  -2- 
3 8 5 . 9  
442 .2  
5 0 7 . 6  
567.9 
6 0 1 . 9  
6 3 4 . 5  

C 2 H 2 5  

375 .5  
4 0 7 . 3  
554 .4  
6 6 2 . 8  

9 9 1 7 7 7 . 8  
7 6 1 6 0 6 . 5  

7 3 9 1 6 1 . 0  
716156 .4  
69295C.5  
653821 .4  
5 8 4 3 8 6 . 9  
4 4 7 7 6 6 . 0  

1 6 4 7 8 7 7 . 4  
1 2 8 1 6 2 5 . 8  
1 1 3 2 1 4 0 . 6  

9 9 5 0 7 7 . 8  
9 6 3 7 3 1 . 4  

9 0 3 8 8 9 . 4  
6 8 7 9 5 7 . 4  
6 5 0 2 0 7 . 7  
56792  5.4 

604 29 7 . 1  

670462 .4  

9 5 2 1 8 5 . 0  

6 6 1 7 1 3 . 4  
6 0 6 0 7 4 . 7  

739 '07.5 
596884 .2  
5 7 7 5 5 1 . 1  
5 0 5 1 2 1 . 4  

7 7 6 8 4 7 . 1  
6 7 8 0 0 6 . 1  
5 9 0 6 2 6 . 3  
5 2 7 8 5 3 . 9  
4 9 8 0 7 9 . 1  
4 7 2 5 0 7 . 8  

7 9 8 2 8 6 . 6  
7 3 6 0 5 9 . 6  
5 4 0 7 8 5 . 1  
4 5 2 3 0 1 . 5  

t 1.0 
t 0 . 5  
f 0 . 7  
t 0 . 5  
f 0 . 5  
f 0 . 5  
t 0 . 7  
t 0.8  

? 3 . 0  
t 1.0 

i 1.0 
t 1 . 5  
f 1.0 

t 1.0 
t 0 . 5  
2 1.0 
t 1.0 

t 0 . 5  

t 0 . 5  

t 1 . 5  

t 1.0 
f 1.0 

t 1.0 
t 1.0 
f 1 . 5  
? 1.0 

2 l . C  
f 1.0 
t 1.0 

f 1.0 
t 1.0 
? 1.0 

t 1.0 

t 1.0 
t 2.0 
t 1.0 

R ( 4 ) ,  9 . 4  
R ( 1 8 ) ,  9 . 3  
R ( l 8 ) ,  9 . 3  
R ( 2 2 ) .  9 . 3  
R ( Z O ) ,  9 . 3  
R ( 3 8 ) ,  9 . 2  
R ( 2 8 ) ,  9 . 2  
R(30). 9 . 2  

P ( 2 4 )  , 1 0 . 6  
R (  8 ) , 1 0 . 3  
R ( 2 O ) .  1 0 . 2  
R ( 1 2 )  , 1 0 . 3  
P (ZO) ,  9 . 6  
P ( 1 2 ) ,  9 . 5  
P ( 2 4 ) ,  1 0 . 6  
P ( 1 6 ) ,  1 0 . 6  
P ( 1 2 ) ,  9 . 5  

P ( Z O ) ,  9 . 6  

P ( 1 8 ) ,  1 0 . 6  

R ( 4 ) ,  9 . 4  

R ( 1 6 ) ,  9 . 3  
P ( 6 ) ,  9 . 4  

R(30), 9 . 2  
R ( 2 4 ) ,  9 . 2  
R ( 4 ) ,  3.1 
C ( 3 6 ) ,  9 . 7  

P ( 2 2 ) , 1 0 . 6  
P ( 1 6 )  , l o .  6 
P ( 2 2 ) ,  1 0 . 6  
P ( 1 6 ) , 1 0 . 6  
P ( 3 8 ) ,  1 0 . 8  
P ( 2 0 )  , l o .  6 

P ( 1 2 ) ,  1 0 . 5  
P ( 1 4 ) ,  10.5 
P ( 1 4 ) ,  1 0 . 5  
P ( Z 4 ) ,  1 0 . 6  

I 
I I  
I I  
I I  
I1 
I 
.L 
i 

I 

I I  

L 

.L 

I 

I /  

i f  
I I  
I 
I /  

5 0  < 1  
3 0  << 1 

50 < 1  
4 0  1 . 5  
30 1 . 5  
5 0  2 
5 0  2 . 5  

50 1 

< 2 0  < 1  

bo 

40 

< 20 
< 2 0  

20 

2 0  
20 

2 0  

3 0  
1 5  
2 0  

1 5  
2 0  
2 0  

5 0  
5 0  

1 

1 . 5  

3 
< 1  

< 1  
1 
3 

1 . 5  

1 . 5  
< 1  

2 
< 1  

1 . 5  
< 1  

2 

2 

;Polarization of submillimeter laser output with respect to  linearly polarized pumping radiation. 

'A low-threshold line, but not yet operated successfully in a laser resonance spectrometer. 
For a Fabry-Perot cavity, axially pumped through a central hole in one mirror. 
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and also t o  provide the threshold data that are important for  
experimental spectroscopy, the earlier measurements of low- 
threshold methanol lines by Peterson et al. [ 1 ] are reprinted in  
Table I .  The threshold measurements were made on the 
Fabry-Perot laser magnetic resonance spectrometer described 
by Wayne and Radford [2]. Pump power was measured with 
a calorimetric beam probe outside the Fabry-Perot cavity; 
the efficiency of coupling this power into the cavity was 
approximately 80 percent. By threshold pressure is meant 
the optimum gas pressure for pump power levels slightly over 
threshold. The sensitivity of a laser resonance spectrometer is 
poor a t  threshold, but increases rapidly with gas pressure and 
pump power. For  spectrometers currently in  use the maxi- 
mum usable pump power is limited to 3-4 W by the presence 
of a thin plastic diaphragm in the submillimeter laser cavity. 

Recently some of the laser lines of HCOOH, CHsI, and 
CH3 F have been measured with heterodyne detectors by 
Kramer and Weiss [3] and by Dangoisse e t  al. [4 ] .  Their 
results are generally in good agreement with those in Table 11, 
the  worst-case difference being 1.3 MHz. 
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